Latencies of auditory brainstem response (ABR) wave-V decrease with increasing stimulus level, an effect often ascribed to broadened auditory filters. Following this hypothesis, hearing-impaired subjects with broad auditory filters should exhibit shorter wave-V latencies than normal-hearing listeners. Hearing anomalies resulting from the preferential degradation of low spontaneous rate (LS) auditory nerve (AN) fibers with intact thresholds have recently received attention. However, their effect on the ABR wave-V latency are yet to be elucidated. Here, a model of ABR investigates the relationships between wave-V latency and various forms of hearing damage. ABR wave-Vs are predicted from a model consisting of a nonlinear cochlear model (Verhulst et al., 2012, JASA 132), an IHC/AN synapse model (Heinz et al., 2001, ARLO 5), and a model of the cochlear nucleus (CN) and inferior colliculus (IC) (Nelson and Carney, 2004, JASA 116). Simulations show that on a single-unit level, latency-with-level functions of the AN and IC reflect the width of the underlying auditory filter, an effect that is greatly reduced in simulated ABR wave-V latencies. The adopted modeling approach can improve our understanding of ABR wave-V latency and thereby enhance its predictive power in the diagnostics of various forms of hearing impairment.
INTRODUCTION
Latencies of auditory brainstem response (ABR) wave-V decrease by 1.5 -2 ms for a stimulus level increase of 40 dB (Dau, 2003; Elberling et al., 2010) . Based on the correspondence between ABR wave-V latency and that of tone-burst-evoked otoacoustic emissions (Neely et al., 1988; Harte et al. 2009 ), the wave-V latency decrease with level has often been ascribed to broadened auditory filters. Following this hypothesis, hearing-impaired subjects with broad auditory filters should exhibit shorter wave-V latencies than normal-hearing listeners. Unfortunately, experimental studies fail to demonstrate a clear relation between decreased ABR latencies and widened auditory filters as a consequence of sensorineural hearing loss. For instance, Don et al. (1998) showed derived-band ABR wave-V latencies to 93 dB peSPL clicks that decreased with increasing pure-tone thresholds for high-pass noise cutoff frequencies of 0.7 and 1.4 kHz, in support of the hypothesis. Yet, Donaldson and Ruth (1996) did not observe an effect of hearing loss on the derived-band ABR wave-V latency. When plotted as a function of dB SPL, only a small shift (0.2 ms) towards shorter latencies in the ABR wave-I latency-with-level curve was observed in another study of chinchillas with noise-induced hearing loss (Henri et al., 2011) . In agreement with these findings, similar latencywith-level slopes for human ABR wave-V were found for a normal-hearing group and a group with a flat sensorineural hearing loss (Serpanos et al., 1997) . However, in contrast to linear filter theory, the hearing-impaired and normal-hearing groups showed similar latency values. Even stranger, the group of listeners with sloping audiograms showed a larger spread in wave-V latency values that often exceeded the latencies obtained for normal hearing listeners when plotting the results as a function of dB HL (hearing level). A recent study confirms this observation, showing that compared to normal-hearing listeners, hearing-impaired listeners have greater ABR wave-V latencies (0.5 to 1 ms) for moderate stimulation levels of 60-70 dB peSPL, while showing similar or shorter latencies for the 80-90 dB peSPL levels (Strelcyk et al., 2009) .
The above experimental studies suggest that the relationship between auditory filter width and the latency of ABR wave-V for sensorineural hearing loss is perhaps not as straightforward as predicted by linear filter theory. This departure from theoretical predictions may reflect recent results showing that noise exposure leads to a preferential loss of low spontaneous-rate (SR) auditory-nerve (AN) fibers over high SR fibers (Furman, 2013) , even before permanent threshold shifts manifest (Kujawa and Liberman, 2009) . As the latency of firing of LS fibers is generally delayed to that of HS fibers in the auditory nerve (Rhode and Smith, 1985) , the loss of specific populations of fibers may affect the latency of the ABR. As LS fibers have higher thresholds than HS fibers (Liberman, 1978) , their loss and corresponding decrease in overall firing latency as the HS fibers take over is probably more pronounced for moderate to high stimulus levels.
These results suggest that hearing loss in humans may not only cause wider auditory filters due to changes in cochlear amplification, but may also occur because of a loss of LS auditory nerve fibers. These different mechanisms of hearing loss may result in different changes in ABR measures. ABR could thus prove useful, clinically, in diagnosing different forms of hearing loss, including losses that do not currently show up in ordinary hearing screenings. This study investigates ABR wave-V latency under normal and impaired conditions in a model that incorporates populations of both HS and LS fibers. The model, which combines existing models of the cochlea (Verhulst et al., 2012) , auditory nerve and synapse , ventral cochlear nucleus and inferior colliculus (Nelson and Carney, 2004 ) was able to account for a 2-ms decrease in ABR wave-V latency for stimulus levels between 60 and 100 dB peSPL for normal-hearing ears. This model thus provides an improvement over existing ABR models that can only account for a latency decrease of 0.22 ms (Dau, 2003) or 0.6 ms (Rønne et al., 2012) . We also investigated how ABR wave-V latency was altered as a consequence of widened auditory filters, the loss of LS fibers, and the presence of background noise. Single-unit responses at the level of the basilar membrane (BM), auditory nerve (AN), and inferior colliculus (IC) are simulated, and their latencies compared to that of the summed responses at the level of the AN and IC (i.e., ABR wave-V).
METHODS
The existing ABR models of Dau (2003) and Rønne et al. (2012) were extended to account for a 2-ms latency decrease for a 40-dB click-level increase for normal hearing listeners in the simulated ABR wave-V. These alterations are summarized in the model schematic represented in Fig.1 (a) and included: (i) The adoption of a transmission-line model of the cochlea (Verhulst et al., 2012) to replace the parallel auditory filter bank that was used in the models of Heinz et al. (2001) , Dau (2003) , Zilany et al., (2009) and Rønne et al. (2012) . (ii) The choice of using the inner-hair cell (IHC) and auditory-nerve synapse model by Heinz et al. (2001) , over that of Zilany et al. (2009) . And (iii), the use of the functional ventral cochlear nucleus (VCN) and inferior colliculus (IC) model to represent the ABR wave III and V, respectively, over the unitary response approach employed by Dau et al. (2003) and Rønne et al. (2012) . 
Basilar-membrane processing
The cochlear stage of the ABR models of Dau (2003) and Rønne et al. (2012) were based on the implementations of Zhang et al. (2001) and Ibrahim and Bruce (2010) , respectively. These models represent basilar-membrane processing as a set of parallel auditory filters that consist of a signal and control path representing the auditory filter (gammatone or gammachirp), BM compression, and the effects of basilar-membrane coupling. Even though these models were adjusted to reflect human auditory filter tuning (Q) values, the large number of free parameters in the signal and control path make it difficult to obtain a broadband cochlear response that complies with noninvasive measurements human cochlear travel time, compression and two-tone suppression. This approach can be improved when using a transmission-line model of the cochlea that, (i) because of its serial implementation accounts for frequency glides, two-tone suppression, and distortion products without the need of a control path when representing BM processing as a cascade of nonlinearly growing band-pass filters, and (ii), can be adjusted to simulate otoacoustic emissions such that human otoacoustic emission data can be used to calibrate the models tuning, compression, and travel time characteristics (e.g. van Hengel, 1996; Moleti et al., 2009; Epp et al., 2009; Verhulst et al., 2012) . As this study predominantly uses broadband stimuli such as clicks and noise, the model of Verhulst et al. (2012) was adopted because its nonlinear characteristics were designed to reflect BM impulse response characteristics, and it was calibrated using human click-evoked otoacoustic emission data. 80-µs condensation clicks were presented to the input of the middle-ear stage of the model as a pressure signal corresponding to dB peSPL levels. BM displacement patterns were obtained for 1000 cochlear sections with CFs between 140 Hz and 20.7 kHz, and the dominant double pole α* of the BM admittance was set to 0.06 at low stimulus levels, leading to auditory filters with a Q ERB of 10 across the cochlear partition. Q ERB decreased with increasing stimulus level for stimulus levels between 30 and 97 dB SPL, and a BM compression slope of 0.4 dB/dB was applied. 
IHC and AN model
BM displacement patterns of 500 cochlear sections, logarithmically spaced with characteristic frequencies (CF) between 140 Hz and 20.7 kHz, were first scaled to match the pressure signal at the output of the signal path filter (and before application of the IHC stage) in Heinz et al. (2001) . As the auditory filter bank in Heinz et al. (2001) works with pressure signals and the Verhulst et al. (2012) model simulates BM displacement patterns, the models were matched at the input of the IHC such that the outputs of the IHC stage in the models were identical for a 10-dB SPL pure tone with center frequency of 1 kHz. The resulting scaling factor (2.0688e 5 ) was applied to all CFs and BM displacements before they were fed to an asymmetric logarithmic compressive function ) and low-pass filter with cut-off frequency of 4.5 kHz ) to simulate IHC processing in the model.
Instantaneous discharge rates in the auditory nerve were simulated using a time-varying three-store diffusion model (Westerman and Smith (1988) ) that has been used in several studies to simulate the IHC/AN synapse ; Zhang et al., (2001) ; Zilany et al., (2009) ). The parameters were chosen to be identical to those in a past study that achieved realistic steady-state rate-level functions for pure-tone stimulation . Fig.1(c) shows rate-level curves for three auditory nerve fibers with low (1 sp/s), medium (5 sp/s) and high (60 sp/s) spontaneous rates. Firing rates of the LS fiber increased with a shallower slope than that of the HS fiber, and saturated at 75% of the rates of the HS fiber, in qualitative agreement with AN saturation rates found in Liberman (1978) and Rhode and Smith (1985) . Shallower rate-level slopes were found experimentally in Sachs and Abbas (1974) for high versus low threshold AN fibers, and for LS fibers that generally had higher thresholds than HS AS fibers (Liberman, 1978) . The current model implementation did not account for refractoriness and thereby does not generate AN spike histograms, nor did it include power-law adaptation (e.g., as described in Zilany et al., 2009) .
CN and IC model
Instantaneous AN firing patterns were used as input to a functional model of the ventral cochlear nucleus (VCN) and inferior colliculus (IC; Nelson and Carney, 2004) . For each of the 500 CFs simulated with the IHC/AN model, discharge patterns for two spontaneous rates were obtained: LS (1 sp/s) and HS (60 sp/s). These two different discharge patterns were each fed to both an excitatory (τ of 0.5 ms) and an inhibitory (τ of 2 ms) input of the CN model. For each CF, the two CN outputs for each AN fiber type (LS and HS) were averaged before being fed to the IC stage of the model. The IC stage of the model consists of an excitatory and inhibitory pathway similar to that of the CN, with the difference that the strength of the inhibitory pathway was stronger than the excitatory one in the IC, whereas in the CN, the opposite is true. The main difference between representing the VCN and IC stage with this functional model (Nelson and Carney, 2004 ) rather than using a unitary response model (e.g., Dau, 2003; Rønne et al., 2012 ) is that the current approach makes no assumptions about the shape of the grand average ABR waveform from which the unitary response is derived. However, a drawback of the CN/IC approach is that the wave-III (CN) and wave-V (IC) amplitude and latency are obtained separately. A comparison of wave-V latency for the current model and one of the unitary models (Dau, 2003) is shown in Fig.1(b) . Whereas the unitary model was unable to account for a 2-ms decrease in wave-V latency for a 40-dB increase in stimulus level, the current model driving the CN/IC model obtained such a latency shift. Note that a more recent IHC/AN implementation (Zilany et al., 2009) was not used in the current study because it was unable to account for the latency shift when using the instantaneous discharge rate as an input to the CN/IC model (see Fig.1 (b) Verhulst/Zilany).
Hearing Impairment
Hearing impairment was modeled with two independent contributing factors: (i) a loss of cochlear gain that leads to widened auditory filters and increased detection thresholds, and (ii) the preferential loss of LS fibers following noise exposure. To simulate the loss of cochlear gain, the dominant double pole α* of the BM admittance was changed from a value of 0.06 to a value of 0.1, leading to auditory filters with a Q ERB of 5.5 (Verhulst et al., 2012) . As changing α* affects both the stiffness and damping of the BM admittance, widened auditory filters are accompanied by overall lower BM displacement levels than would be obtained for filters with higher Q ERB values. Consequently, higher stimulus levels are needed to achieve the same output level at the IHC stage of the model, thereby simulating elevated detection thresholds. As the model employs constant Q values across the cochlear partition, a flat-spectrum hearing loss was simulated. To investigate the loss of specific auditory nerve populations, all model simulations were performed for three model implementations. In the first, the total composition of fibers was comprised of 50% of HS fibers and 50% LS fibers; in the other two implementations, the AN fibers were either 100% LS fibers or 100% HS fibers.
RESULTS

Single-unit Responses
Single-unit responses were simulated at four levels of processing (BM, AN, CN and IC) for a characteristic place of 1 kHz. Results were normalized to the local maximum of the waveform for different stimulus levels. Fig.2(a) shows single-unit responses to clicks of varying intensity for a model of a normal-hearing ear. As stimulus level increases, BM impulse responses become shorter and peakier, in agreement with past experimental observations (Recio and Rhode, 2000) . For low stimulus levels, the LS and HS AN show maximal excitation near the onset of the BM waveform, likely because the fibers are close to firing at their spontaneous rate. For medium stimulus levels (40 and 60 dB), the LS fibers tend to fire near the maximum of the BM waveform, whereas the HS fibers fire at the first peak of the waveform. The longer firing latencies of the LS fibers versus the HS fibers agree with past physiological data (Rhode and Smith, 1985) . For high stimulus levels, both the LS and HS AN fibers show a maximal firing rate at the first peak of the BM waveform. The latencies of the maxima of the CN and IC waveform generally follow the maxima of the AN waveform by a fixed delay, except for the lowest stimulation levels, at which the CN and IC maxima occur earlier because the AN firing patterns are small and close to spontaneous rate. Hearing impairment (Fig.2(b) ) primarily affects the duration and shape of the BM impulse responses. As a result, waveforms are peakier than those obtained for the normal-hearing model ( Fig.2(a) ), and the AN fibers discharge maximally near the onset peak of the BM displacement pattern, regardless of fiber type.
In the presence of ongoing background noise (that started 50 ms before the onset of the click), the different AN fiber types behave differently in response to a fixed level click (90 dB peSPL). For a HS AN fiber, the click no longer causes a distinguishable change in the response compared to the background noise alone at noise levels of 76 dB SPL or greater. However, for the LS fiber, the click response is more robust at high noise levels. This effect may arise because the background noise causes the HS AN fiber to saturate for lower stimulus levels compared to the LS fiber (see rate-level curves of Fig.1(c) ). Fig.3 summarizes the peak latencies for a single-unit BM, AN, and IC responses at 1 kHz for the waveforms visualized in Fig.2 . At the single-unit level, the AN and IC latency-with-level function follows the BM impulse response waveform shape. For the normal hearing model, the peak of the BM impulse response decreased from 5.5 to 2 ms as the stimulus level increased from 60 dB to greater levels; this was accompanied by a latency decrease of 4 and 3 ms for the LS and HS AN fiber responses, respectively. For the hearing-impaired model, the BM impulse response peak is nearly constant with level because of the overall wider auditory filters, which translates into a latency decrease of less than 0.5 ms in the AN latency. The IC latencies basically follow the BM and AN latencies with a constant offset, except for stimulus levels below 40 dB, where they are driven by the spontaneous discharge of the AN fibers (see Fig.2(a) and (b) ). LS fibers generally fired with longer latencies than HS fibers; however, latency-with-level functions were similarly shaped for the two populations of fibers. The IC latencies of the model with 50% LS and 50% HS fibers (i.e., IC sum ) followed the behavior of the 100% HS model except for a stimulus level of 50 dB peSPL. This finding suggests that a loss of LS fibers at a specific CF does not affect the IC latency-with-level function much at that single-unit level.
The single-unit responses to clicks presented in background noise (Fig.2 (c) ) did not show large changes in either BM, AN, or IC latency as background noise levels increased. For noise levels above 66 dB SPL, the clicks did generally not cause a noticeable change in responses relative to the response to the background noise alone; which resulted in latency values that did not change systematically with noise level. The increase in response latency recorded from an IC chopper neuron for clicks embedded in increasing noise levels (Burkard and Palmer, 1997) was not observed in the simulations presented here.
Wide-band Responses
Even though the latencies of single-unit responses for both the normal-hearing and hearing-impaired models followed the BM impulse response maxima, and hence reflect the width of the underlying auditory filters, it is not clear that the ABR wave-V will reflect this dependence. The simulated ABR wave-V latencies are found by summing all simulated single-unit responses at the level of the IC, and may thus average out many of the dependencies that are observed in single units. Simulated ABR wave-V latencies are shown for the normal-hearing (NH) and hearing-impaired (HI) models in Fig.4(a) .
The simulated ABR wave-V response shows a ~2-ms decrease in latency with increasing stimulus level, in agreement with experimental ABR wave-V latency data (Dau, 2003; Strelcyk et al., 2009) . Hearing impairment decreases the ABR wave-V response by 0.2 ms for a stimulus level of 50 dB peSPL after which the difference in latency between the hearing-impaired and normal-hearing model gradually disappears. This lack of dependence on stimulus level agrees with data showing that at high stimulus levels, the wave-V latencies are similar for NH and HI listeners (Strelcyk et al., 2009) . At high stimulus levels, the auditory filters for NH and HI listeners are wide and characterized by peaky impulse responses (see Fig.2 (a) and (b)); therefore, the latency of firing in the AN is not expected to change significantly with level (see also Fig.3(a) and (b)). As observed from the single-unit responses in Fig.3 (a) and (b) (plotted again in Fig.4(a) for the 1 kHz location), latencies shift with level in the mid-range of stimulus intensities, an effect that can be attributed to widening of the auditory filters in the hearing-impaired simulation. The simulated ABR wave-V shows an overall latency decrease of only 0.2 ms at these stimulation levels. It is possible that the summation of synchronous energy across the simulated CF channels is responsible for this smaller latency difference than observed for the 1-kHz single-unit response. Specifically, effects may differ with position along the basilar membrane, so that the summation across peripheral channels washes out stimulus level effects. Indeed, cochlear dispersion will result in the high-frequency channels firing more synchronously across a section of the cochlea in response to click stimuli than will low frequency channels (e.g. Dolan et al., 1983) .
Because dispersion is likely to reduce the contribution of low-frequency channels to the synchronous responses that dominate the ABR wave-V, the summed IC response will be dominated by information in high-frequency channels. These high-frequency channels generally have shorter-duration impulse responses than low-frequency channels. Wider auditory filters would not result in large latency shifts for these frequencies, possibly explaining the difference between the single-unit and wide-band responses. At moderate stimulus levels, the ABR wave-V latency does not follow the trend of increased latencies for the hearing-impaired listeners (e.g., see Strelcyk et al., 2009) . Possible reasons for this discrepancy are: (i) they looked at the derived-band ABR latency in the presence of a highpass noise with a cut-off frequency of 2.8 kHz, rather than at the broadband ABR waveform, and (ii) the hearing losses they considered were sloping high-frequency losses, rather than the flat losses examined in this study.
Effects of different populations of AN fibers were investigated in Fig.4 (b) . The ABR wave-V latency of the model with 50% HS and 50% LS fibers is similar to the behavior of the model with 100% HS fibers. The contribution of the LS fibers to the total model response was larger for the single-unit response in Fig.4(b) than for the wide-band IC response. The loss of the whole population of LS fibers in the model was shown to decrease the overall wave-V latency by only 0.1 ms. The reason for the low contribution of the LS fibers to the total response is due to the relative contribution of the fiber types in the rate-level curve for moderate to high stimulus levels (see Fig.1(c) ). 
DISCUSSION
The simulation results presented in this study confirm that at the single unit level, the latency-with-level function of the AN and IC responses reflects the underlying auditory filter bandwidth. These results are consistent with single-unit AN recordings that show decreased onset latencies for fibers recorded after noise-induced hearing loss than for normal fibers (Scheidt et al., 2010) . However, this change in latency due to changes in auditory filter bandwidth was less pronounced at the level of the ABR wave-V, which only showed a 0.2 ms decrease in latency for moderate stimulus levels. This small effect is likely due to the overrepresentation of high-frequency channels that have short impulse responses, in the wide-band response. The ABR wave-V latency to broadband clicks may thus not be suitable for detecting hearing impairments related to wider-than-normal auditory filters. Because the latency of simulated single-unit responses did reflect changes in auditory filter bandwidth, ABRs to more frequencyspecific regions of the BM may be more powerful for diagnosing widening of peripheral auditory filters. This may explain why derived-band ABR wave-V latencies in response to 93-dB-peSPL clicks decreased with increasing pure-tone thresholds for high-pass noise cut-off frequencies of 0.7 and 1.4 kHz (Don et al., 1998) , whereas the NH and HI subject groups had similar wave-V latencies at high stimulus levels (Serpanos et al., 1997) .
We found that LS fibers contribute little to the overall IC response. Even though response latencies of LS fibers were greater than the latencies of HS fibers (in agreement with findings of Rhode and Smith, 1985) , their contribution to the total wave-V response was not substantial. The model employed a ratio of 50% HS and LS fibers, with two rates, whereas it is probably more realistic to have a whole range of fibers with varying thresholds and rates represented (Liberman, 1978; Zilany et al., 2009) . It is currently heavily debated what role LS fibers play in the perception of sound; especially as evidence suggesting that they become damaged by noise exposure before HS fibers (which are responsible for at-threshold responses) is growing (e.g., Furman, 2013) . Unless the LS fibers make up a greater percentage of the total AN fiber population than is suggested by physiological estimates from cats (61% HS and 34% MS and LS; Liberman, 1978) , or have saturation rates that exceed those for HS fibers at high stimulus levels (Liberman, 1978; Rhode and Smith, 1985) , the model predicts that the LS fibers have a relatively modest contribution to the latency of both single-unit and wide-band IC responses. This also suggests that the latency of ABR wave-V will prove insensitive as a diagnostic tool for determining the status of the population of LS fibers in human patients.
